Tlle dormancy-breaking action of C02 on imbibed seeds of subterranean clover ('1'rijolium 8ubterraneum L.) is temperature dependent, the efficiency falling off sharrlly above 25°C and approaching zero at 30°C. Within the effective temp. erature range the action is rapid, exposure of seeds to CO2 for 6 hr having signifiC!,fit effect.
I. INTRODUCTION
In Part I of this series, the dormancy-breaking action of CO2 on the seeds of sur )terranean clover (Trifolium 8ubterraneum L.) was first described (Ballard 1958) , ar ld Grant Lipp and Ballard (1959) have concluded that this effect is general among s mall-seeded legumes.
The purposes of the present paper are (1) to present data further character-, lZing the CO2 effect, mainly with respect to interactions with time and temperature, and, on the basis of these and other facts (2) to present an hypothesis for the mechanism of CO2 action.
In describing results of germination tests it is common practice to refer to rate of germination, and measures have been devised to express this quantitatively. Either the time for a sample to reach any arbitrary level of germination, or indices such as those developed by Bartlett (1937) and Durand (1953) have been used. These measures, however, refer to the sample, and yield .:elatively little information about an individual seed. Moreover, since some criterion s1. ch as the emergence of the radicle or its positive geotropism must necessarily be adopted, germination, as usually measured, is an all-or-none process. But most proba11y many steps or reactions are involved. Although these may form a continuous seq'Ience it is useful to distinguish between those at the beginning of the sequence, whicJl are concerned with "activation" of the dormant embryo, and those at the end which are mainly concerned with extension growth (Toole et al. 1956 ). Thus any estin'lates of rate of germination, even of an individual, may be the resultant of diffe~~ rates of, e.g. the "activation" and "growth" phases. Oonsiderations of this natur~ are relevant in attempting to interpret rates of germination in physiological te;rms.
For subterranean clover it is known that both freshly harv(~sted (young) and stored (old) seeds held at high temperatures germinate to a low l.evel and at a low sample rate (Toole and Hollowell 1939; Loftus Hills 1944a) . YOUng seeds held at low temperatures (Woodforde 1935; Loftus Hills 1944a; Ballard 1958) as well as in atmospheres of low 002 tension (Ballard 1958) germinate to a hi!o>h level and with a high sample rate. Analyses of the processes involved have not 'so far been attempted.
II. METHODS i
Procedures were essentially as described in Part I (Ballard 1958) . .f\ll experiments were carried out with imbibed seeds, which, except for the special cas1s referred to in the text, were held at 22°0. Temperatures higher than 10°0 were;, obtained with an accuracy of at least ±1 °0, those lower than 10°0 with considerably less accuracy. These conditions are therefore referred to as temperature rangeS/the means of which were clearly separated, although some overlap at the extremes 0pcasionally occurred.
I
Oarbon dioxide treatments were effected by the displacement metl"od. The concentration employed, unless otherwise stated, was 2·5% by volume; t~hat and other figures quoted referring to initial concentration (see comment COU.,cerning drifts in Part I). " Since, for the analysis attempted, an appreciation of the evident broad ti,;ends is sufficient, most of the data are presented graphically. Each point of a gr 'aph represents the mean of a number (usually 4) of replicates of 50. seeds (25 seeds for activated carbon and 002 treatments). The angular transformation of percenta< ge figures was used where analyses of variance were carried out.
III. RESULTS AND INTERPRETATION
(a) Temperature Relationships (i) Old Seeds Held at Oonstant Temperatures.-On the basis of rate of germination at 22°0 (Loftus Hills 1944a , 1944c ) the strain Tallarook shows little or no dormancy immediately after harvest, and the strains Mt. Barker and Burnerang are moderately and strongly dormant respectively. Seeds of the above three strains which had been stored in the laboratory for approximately 17 months after harvest were then imbibed and held at 3-5, 10, 15, 22, 25, and 30°C . The time course of germination for each strain is given in Figure 1 . The values at 25°C are not plotted for Tallarook and Mt. Barker since they are almost exactly the same as those at 22°C. For Tallarook and Mt. Barker (which were no longer dormant) the broad picture of an optimum sample rate of germination close to 22°C agrees with earlier findings, even though Loftus Hills (1944a) averaged his results over five strains. The strain used by Toole and Hollowell (1939) was not recorded; in this case the decline from the optimum is much more marked than in the other two sets of data.
For both Tallarook and Mt. Barker, full germination ensued not only at 25°C but also at all lower temperatures. Except for the increasing delay in the onset of germination with decreasing temperature, the forms of the germination ClU'ves are similar. The delay is probably to be attributed in greater part to the effect of temperature on the growth phase.
On the other hand storage for 17 months was insufficient to effect full release from dormancy in Burnerang, and full germination occurred only at 15°0 and lower Mt. Barker; (d) , (e) , and (f), Burnerang, 7 and 6 weeks, respectively, after harvest. • Permanently at low temperatures; 0 permanently at 22°0; X transfer to 22°0 after 1 day low temperature; • transfer to 22°0 after 3 days low temperature.
temperatures. At 22, 25, and 30°0 increasingly marked inhibition of germination occurred.
Among the three strains, and for the several different temperatures at which inhibition occurred, the forms of the germination curves are generally similar, and dissimilar to those showing complete germination.
(ii) Young Seed8 and Pre-chilling.-Seeds of the strains Mt. Barker and Burnerang which had been stored in the laboratory for 7 and 6 weeks respectively after harvest were then imbibed and held at 3-5, 5-7, and 11°C for 1 and 3 days, after which they were transferred to 22°C. Other lots were held continuously at each of the three low temperature ranges, and at 22°C. The time course of germination in each case is presented in Figure 2 . Both strains give an entirely consistent and qualitatively similar picture, the details of which are more readily seen in the Mt. Barker curves.
The significant features are: (1) the close similarity of those lots held permanently at low temperatures, with those of the corresponding temperature for old seed (Fig. 1) ; (2) the similarity of the 22°C lots with the 30°C lots of old seed; (3) after transfer from a low temperature to 22°C the asymptotic level is lower than if no transfer had been made; (4) this asymptotic level is higher the longer the duration of low temperature. 
t No significant differences between members of group B. Group B significantly different from group A at P<O·Ol.
Further, neither very low temperatures, nor long exposures to them, are necessary for dormancy breaking by cold. The best of the three temperatures investigated was 11°C (and the optimum therefore lies between 7 and 22°C). In both strains full germination was reached in 4 days at this temperature.
(iii) Effect of Temperature on Carbon Dioxide Re8pon8e.-The evidence already presented (Ballard 1958 ) (as well as further examples found in Figures 3 and 4) refers to the action of CO2 at 22°C. Evidence on the efficacy at higher temperatures is desirable because of their adverse effects noted above.
The data of Table 1 show that at 30°C no treatment differences exist over the range 1· 3-20% initial CO2. While the C02 treatments as a whole show a statistically significant promotion of germination compared with 30°C controls, the absolute germination is small compared with that at lower temperatures. The data· of with the data of Table 1 , with 2 ·5% CO2 at 25°C. In both these latter cases full promotion occurred.
Full germination also ensued in the single trial where CO2 was applied at low temperature (10°C), and the sample rate of germination was greater than in a 10°C treatment alone, or CO2 at 25°C. The summary conclusion is that CO2 treatment is effective at temperatures up to 25°C-beyond this the efficacy declines sharply, and the treatment is unable completely to relieve the high temperature inhibition.
(b) Time Relationships
(i) First Category,' Early Response to Carbon Dioxide.-In order to ascertain whether the dormancy-breaking action of CO2 is related to the post-harvest age of seeds, lots of the strains Mt. Barker and Burnerang were subjected to standard CO2 promotion conditions after being stored for three different periods. Comparison was made with control lots, with lots held one day at 3-5°C prior to transfer to 22°C, and with lots treated with activated carbon (Ballard 1958) . The results are given in Figure 3 . *
The most conspicuous feature of the curVes is the response to CO2• In Mt. Barker virtually complete germination ensued in all cases irrespective of the control germination. The sample rate ofthe CO2-induced germination was greater, the greater the control germination (i.e. the less the dormancy). Essentially the same picture is given for the more dormant Burnerang. Unfortunately, observations were not continued beyond day 5 at the first test. so it is unknown whether full germination could be reached here also. Other evidence suggests that it could.
Earlier it was,noted that, among several strains showing a range of dormancies when tested at the one time, there appeared a tendency for activated carbon to be a more effective treatment than low temperature in the more dormant cases, and the reverse in the less dormant cases. The same tendency is to be seen in this set of data, where the range of dormancies arises, in time, in single strains. No explanation can yet be offered.
The above data were obtained using seeds produced in 1955, and a sinillar behavioUl' especially with respect to the response to CO2 shortly after harvest, has been observed in other seasons.
(ii) Second Category: Delayed Response to Carbon Dioxide.-When seeds produced during 1956 were tested under the same general conditions, a different type of response was observed among extremely dormant strains. The strains Mt. Barker, Burnerang, and Portugal C.P.I. 19465t were tested 7, 7, and 4 weeks, respectively, after harvest, and again at 13, 13, and 10 weeks after harvest. Carbon dioxide (initial 2 '5%) and low temperat).lre (1 day at 3-5°C) treatments were applied.
* It was necessary to use two samples of activated carbon with slightly different characteristics-one for the first storage point, and the other for the two later storage points. On the basis of a comparison carried out at the time of the second storage point, the actual values obtained with the first carbon sample were adjusted to correspond to the activity of the second carbon sample, thus giving the dotted lines of Figures 3(a) and 3(b) . It is recognized that this is an approximation, since the relation between the activities of the two carbon samples may differ on seeds of different post-harvest ages. The results for the C02 treatments are presented in Figure 4 . Whereas the behaviour of Mt. Barker follows exactly that depicted in Figure 3 , CO2 elicited only a slight germination in Burnerang at the first test, in contrast to the behaviour seen in Figure 3(b) , although this latter test was conducted 6 weeks earlier in storage life (and hence potentially at a more dormant stage). The respOllile of Portugal 19465 was similar to that of Burnerang. Six weeks later, when the control germination of Burnerang had increased only very slightly, and that of Portugal 19465 not at all, C02 treatment elicited full germination.
The results of the low temperature treatments, not presented in detail, were as follows. For all strains, whenever CO2 was ineffective, so also was low temperature. Whenever CO2 was effective, low temperature also increased germination, but less markedly and to levels generally comparable with those of Figure 3 . The essential feature here is the marked change in responsiveness to CO 2 during a period in which no, or only a very slight, change in control germination occurred. Grant Lipp and Ballard (1959) observed a similar behaviour in the dormant seed of the legumes Trigonella ornithopodoides, Trifolium cherleri, and Trifolium hirtum, indicating that the present result with the highly dormant subterranean clover straillil is not an isolated eiXperience.
(iii) Effect of Length of Imbibition Period.-In earlier experiments it appeared that the rate of germination resulting from dormancy-breaking treatments was greater if the seeds had been held imbibed for some period prior to the application of the treatment. Evidence to this effect is now presented for the case of CO 2 treatment.
These experiments were conducted as follows: Some thousands of seeds were set out in large dishes and, observed daily. Germinated seeds were counted and discarded. At intervals, randomly selected replicates of the remaining ungerminated seeds were trallilferred to bottles containing 2· 5 % CO2 at the time of sealing.
From the known initial number of seeds, the number of germinated seeds removed, the number of seeds transferred at intervals to CO2 treatments, and daily germination counts of the latter, time course curves of percentage germination were constructed.
In one experiment, the results of which are given in Figure 5 , seeds received C02 treatment commencing 0, 3, 6, and 11 days after imbibition. At 25°C, * while the control sample reached some 27% germinatiori, CO2 promoted virtually complete germination, though somewhat more slowly than at 22°C. Any appreciation of the rates of germination among the various CO2-time treatments is rendered difficult by the fact that the CO2-elicited germination is superimposed at different points along the rising control curve. Ideally, a comparison of the rates following CO2 treatment might have been made by transformation of the percentage germination data to give time-linear curves, and then comparing their slopes. Insufficient points, particularly in the longer imbibition treatments, are available for this. An approximation, which increasingly underestimates rates the longer the imbibition period, is to estimate the rates of germination at the time 50% of seeds have germinated, assuming a linear rate between the two daily values which are respectively next lower and higher than 50%. In this experiment, this measure, expressed as percentage germination per day, is 32'0, 37·4, 63·5, and 71· 7 for CO2 treatments commencing respectively 0, 3, 6, and 11 days after imbibition, i.e. the rate increases with increase of the imbibition period prior to CO2 application.
(iv) Required Time of Contact with Carbon Dioxide.-In Part I it was shown that contact of seeds with activated carbon for as little as 4 hr was sufficient to produce a significant increase in germination. Since it is suggested that activated carbons produce their effect via CO2, it would be expected that similar brief exposure to C02 should also be effective.
* Experiments described in this and Section III(b)(iv) were carried out on seeds with reduced dormancy after storage for 5-7 months. Under these conditions any possible differences between control and treatment values are minimized. Greater discrimination was obtained by the use of a temperature of 25°C instead of 22°C elsewhere employed.
Experiments to investigate this feature were carried out in germination bottles containing 2·5% CO2 at the time of sealing. After the lapse of the required time, the CO2 was removed by adequate perfusion with air, and the bottles thereafter remained open. Controls consisted of bottles permanently closed containing 2·5 % CO2, permanently open, permanently closed, and closed for the duration of any CO2 treatment and thereupon opened, perfused with air, and remaining open.
Experiments conducted at 25°C showed no evidence for any effect of CO2 when it was applied for periods up to 12 hr at the time of imbibition. However, when the CO2 treatments were applied after a preliminary incubation period, as described in the previous section, significant increases were observed for a contact time of 6 hr. The data of Table 2 refer to the dormant seed (some 83%) remaining after a preliminary incubation period of 8 days.
The somewhat reduced sensitivity compared with that observed for activated carbon, may, in part, be due to the higher temperature-at all events it is clear that under certain circumstances the response to CO2 is also very rapid.
IV. DISCUSSION (a) The Role of Carbon Dioxide
With few exceptions (Anderson 1933; Thornton 1935 Thornton , 1936 ) treatment of seeds with CO2 has not proved stimulatory of germination; but rather induces secondary dormancy (Kidd 1914b; Thornton 1953) . Since concentrations of CO2 as low as 0·5% are effective in inducing germination in subterranean clover seeds, which are well buffered because of their high protein content, it is unlikely that the effect arises simply through a marked shift in pH. This conclusion is supported by the uniformly effective action of both acidic and alkaline active carbons (Ballard 1958) .
It seems that some metabolic function should be assigned to CO2, and the hypothesis is advanced that one of the sequential steps leading to germination of subterranean clover seeds is a carboxylation, and that in the absence of sufficient carboxylated product, C, germination is blocked. Normal passage out of dormancy would then follow the slow accumulation of C, and strain variation may result from differences in the carboxylation reaction such as the time of formation of the enzymes concerned, in relation to time of maturity on the maternal plant.
Many carboxylating systems from plant tissues are known (for review see Vennesland and Conn 1952) ; but no evidence at all exists as to the detailed nature of any possible system which may be concerned in this germination response. However, the feasibility of the general hypothesis is supported by the existence of other cases where CO2 controls some developmental process. Mer and Richards (1950) and Mer (1952 Mer ( , 1957 have noted the stimulation of mesocotyl elongation of dark-grown Avena seedlings by CO2. Loomis (1957 Loomis ( , 1959 has shown its decisive function in sexual differentiation in Hydra, and Trinkaus and Drake (1959) for morphogenesis in Fundulus. Cantino (1951 Cantino ( , 1956 has shown that morphogenesis in BlastocZadiella is under the control of a sensitive bicarbonate "trigger mechanism" and a well-documented account has been provided of the biochemical steps in the reductive carboxylations concerned both in morphogenesis, and in a CO2-stimulated growth also observed in this organism (Cantino and Horenstein 1956 , 1959 .
(b) The Role of Temperature
ThE( facts presented in Sections III(a)(i) and III(a)(ii) make it clear that high temperatures are inhibitory to germination, and further, that the younger the seed the lower is the inhibitory temperature. In fact it may be possible to define dormancy more quantitatively than at present in terms of the minimum temperature required to produce some prescribed level of germination.
At least two interpretations of the temperature phenomena are possible. It could be assumed that the necessary condition(s) for germination already exist in young seeds, and thus low temperature merely ensures the absence of irihibition. Alternatively, low temperature may positively induce a condition not present in young seeds, and which is necessary for initiating the germination sequence. The data of Figure 2 , which show a high QlO for the rate of germination between 3 and 11 DC, favour the latter alternative; but are not decisive because of the difficulty of dissociating any (presumed) initial step, and later ones. It is not readily apparent how this could be done, since subterranean clover seeds will eventually germinate at temperat-qres close to O°C, but do not, in the imbibed state, survive prolonged exposure to temperatures below O°C.
(c) Relationship8 between Germination-inducing AgentB
Dormancy may be abolished or reduced by several treatments of intact imbibed seeds, and also by removal of the seed coats. This raises two interrelated questions. Do the various treatments activate common or different mechanisms, and what are the sites of such mechanisms1 Only partial answers can yet be given.
For intact seeds two main lines of evidence suggest the action to be on the embryo. Firstly, Morley (1958) has shown that the seed germination of strains, the dormancy of ·which is known to be relieved by both low temperature and CO2 treatments, is dependent, at least in part, on the genotype of the embryo. Secondly, it is known that in cases where removal of the testa does not induce germination, treatment of the resulting dormant embryos with C02 or activated carbon usually does (Ballard 1958) .
Insufficient evidence is available to reach a decision whether low temperature and C02 operate on the same or different mechanisms. Stimulation of seed germination by low temperatures is a widely observed phenomenon, and it is possible that this treatment facilitates, in each case, an alternative pathway to germination.
In subterranean clover, and other legumes, it is also possible that low temperature in some way facilitates net carboxylation, and mechanisms for this could be visualized. Part, at least, of the low temperature effect should be so ascribed. Although less C02 is produced at low temperatures, its greater solubility then and equilibration with the atmosphere apparently lead to more C02 being held in the cell sap (WillamaIi and Brown 1930) .
In postulating the involvment of an inhibitor which interacts with some promoting agent or system, Morley (1958) has taken into consideration findings by Loftus Hills (1942, 1944b ) that high temperature during storage accelerates decline in dormancy, and that removal of the testa virtually abolishes dormancy. The seed storage data are not entirely internally consistent, and alternative explanations of the observations are possible. That removal of seed coats induces germination does not necessarily imply the removal of an inhibitor. This treatment widely brings about germination, and Toole et al. (1956) cite cases where inhibitors are not involved; but rather some other direct effect on the embryo. While the required characteristics of the promotive system could be met by the carboxylation step proposed here, the evidence for inhibitors. is entirely inferential.
Irrespective of the number of pathways by which the germination of subterranean clover seeds may be accomplished, evidence exists for some distinct steps. The decline of a condition of "ultra-dormancy" (Section III(b)(ii» indicates one. That the rates of C02-induced germination are similar, both where no ultra-dormancy existed, and where it had existed and disappeared, suggest this step to occur prior to any promotive process. The decline of this refactory condition cannot be accelerated by any of the dormancy-breaking treatments referred to here.
Also, the increase in rate of germination following pre-incubation (Section III(b)(iii» indicates the accumulation of a reactant formed prior to C. Accumulation of such a precursor would favour carboxylation.
(d) Delayed Field Germination
The reasons should now be clear for the provisos attached to an earlier conclusion (Ballard 1958) that, because of the activity of soil CO2, hard-seededness is of greater significance than dormancy in securing delayed germination in the field. The results of Section III(b)(ii) show that ultra-dormancy cannot be broken by either -C02 or low temperature, so that passage out of dormancy would set the pace if the seeds were soft. Likewise, the effect of CO2 is slight at 30°C-a temperature which may easily be attained in summer at soil surface.
However, on present evidence, it seems that only the most dormant varieties manifest this most refractory dormancy, and only in some seasons (or conditions of maturation). Also this type of dormancy appears to be of limited duration. For other strains, diurnal temperature fluctuations would be expected to allow some time for C02 action, and hence accumulation of C, albeit somewhat delayed.
Under these somewhat limited conditions, dormancy may control field germination at the peak of summer and for a brief period after seed maturation; but conservation of seed from season to season would be expected to be achieved via hard, and not dormant, seeds. 
